In the last decade or so, lithium batteries have gained important niche positions in the market for electrochemical storage systems. Their energy capacities per unit weight (or volume) are remarkably better than those of traditional batteries -yet they appear to be approaching their practical limit, and alternative cell systems are under active investigation. The potential advantages of replacing lithium by magnesium have long been recognised, but for years it was thought that materials limitations and technical problems would prevent them from being realised. However, a combination of commercial pressures and recent scientific breakthroughs has made it likely that magnesium batteries will soon be available for a wide range of applications; they are expected to be cheaper and safer than those based on lithium, with comparable performance. This article briefly reviews the current situation and looks at the general background, principles and cell components, outlining some of the technical problems and discussing some promising materials for magnesium-ion batteries.
Introduction
There has been a need for electrical energy storage systems since the early days of electricity generation and the manufacture of automobiles. The commonest method has been batteries of electrochemical cells, a simple example of which comprises an electropositive metal (anode) like zinc and a more electronegative one (cathode) like copper, in an electrolyte medium such as a dilute acid. For many years, despite the existence of numerous battery designs, the zinc-carbon (Leclanché) cell was the normal system for portable electrical devices, and the lead-acid "accumulator" battery for automobile electronics. The Leclanché cell had the advantages of cheapness, reliability and relatively low toxicity, while the lead-acid cell was simple, robust and capable of supplying the large instantaneous currents needed by the starter motors in petroleum-powered vehicles.
Low-power equipment such as torches and portable radios have been well served by one-shot (primary) zinc-carbon cells, and rechargeable (secondary) batteries such as nickel-cadmium or nickel-metal hydride (Ni -MH) were used for power tools.
The potential of lithium-based batteries as compact, high-energy storage systems has long been recognised: tiny lithium button-cells have been widely used in watches, hearing-aids, heart pacemakers etc., and large secondary lithium batteries were first tested in electric cars in the 1970s. The advent of practical electric vehicles and ultra-compact electronic devices such as lap-tops, smartphones and wearable digital technology drove the research that produced the present range of advanced lithium batteries to power them.
Why then, should we look any further for our future secondary battery needs? What would be the advantage of replacing lithium by another active metal such as magnesium? Well, despite their amazing capacity and performance, lithium batteries are delicate structures to manufacture; moreover lithium can cause fires if it comes into contact with water and even the latest "Li-ion" cells are susceptible to overheating or explosion hazards. Magnesium has no such risks, scarcely reacting even with boiling water. In batteries, it offers the prospect of comparable energy storage to lithium, with no significant toxicity or environmental impact, and the metal itself is cheap and widely available: nearly 17% of the earth's crust is magnesium, whereas lithium only occurs at the level of a few parts per million.
A generic magnesium battery system
A typical magnesium cell ( Figure 1 ) would have the following active components:
• A metal anode (either the pure metal or another rich source of magnesium The cell reactions at the two electrodes could be represented thus:
The electrolyte serves to carry the cations from the anode to the cathode, while the flow of electrons through an external circuit is the useful electric current supplied by the cell.
When such a magnesium cell is recharged, the flow of electrons is reversed: Mg is thereby removed from the cathode and may be "electroplated" back onto the anode. For such a system to be used in commercial storage batteries, all the processes must be reversible over many hundreds of cycles; this requires a high level of chemical and mechanical stability for all the above components, each of which will be discussed in the following sections.
Magnesium anodes
The term "anode" may seem to be a misnomer, since the reactive metal electrode (Li, Zn etc.) in a battery tends to be the negative one. Should it therefore be called a cathode? The reason for the widespread use of this terminology is that the anode is the electrode where oxidation occurs, and when an electrochemical cell supplies a current, it is the metal anode that is being oxidised to cations and releasing electrons.
In some batteries (e.g. the Leclanché cell), the metal anode (Zn) is also the current collector -usually the outer casing of the cells -which can be very convenient in terms of cell manufacture. This design would, of course, be impossible for a lithium battery, because of the high reactivity of lithium to air and water.
In fact, lithium batteries seldom use pure lithium anodes anyway, since the metal is quite soft, and it is prone to form dendrites (crystalline whiskers) on its surface after several recharges. There are many cases of metallic dendrites causing short-circuits and even explosions in pure-lithium batteries, and the modern lithium-ion cell typically has an anode of graphite with the lithium stored in between the "chicken-mesh" sheets of carbon atoms in the well-known graphite structure. When the anode is fully charged with Li + ions, its limiting composition is LiC 6 .
Unlike lithium, pure magnesium is harder, is not dangerously reactive and has little tendency to form dangerous metal dendrites during recharge. It is therefore possible to envisage magnesium cells in which the pure metal could be used as the active anode material, and possibly even as the current collector, hence saving on manufacturing costs and giving better energy storage per kg of battery weight 1 .
Liang et al. 2 reported the preparation of nano-scale magnesium for battery use, the advantage being a very large area of contact between the Mg anode and the electrolyte solution, to ensure rapid transfer of Mg 2+ ions between them and hence to maximise the current density that can be supplied.
For some applications or electrolytes, the active metal may need to be trapped in an alloy or an inert matrix in order to provide efficient charge-recharge cycling and long cell life over thousands of cycles. We have seen that this is necessary for lithium batteries, in which alloys such as LiAl have been used as anodes in the past.
The magnesium-tin alloy Mg 2 -x Sn is very electropositive and it can supply magnesium ions reversibly with a high theoretical capacity of 903 mA h g -1 .
The rate of diffusion of Mg 2+ from the metal alloy structure is fairly slow, so that it is necessary for the anode to have a very porous morphology in order to give acceptable current densities. Singh et al. 3 at Toyota, used a commercial Sn nanopowder to fabricate Mg anodes with experimental capacities close to the theoretical value.
Unfortunately simple alloys may undergo very large volume changes over a charge-discharge cycle (214% for Mg 2 -x Sn) 3 , which can result in amorphisation of the alloy and poor cyclability. The Mg -Sn system may still prove to be an effective practical anode material if new, nanoporous forms can be developed. Nanostructuring has already been used to make the unlikely host matrix, metallic bismuth, into a successful magnesium anode. Despite its high atomic mass, bismuth has a surprisingly large specific capacity for magnesium (limiting composition Mg 3 Bi 2 ; theoretical capacity 385 mA h g -1 ). Whereas commercial microsphere Bi powder undergoes pulverisation on cycling in a magnesium cell ( Figure 2 ), Shao et al. 4 at the Pacific Northwest National Laboratory, Washington, demonstrated that bismuth nanotubes could be used in magnesium anodes with fast charge-discharge rates and a capacity of 303 mA h g -1 , even after 200 cycles.
Very recently, Parent et al. 5 , also at the Pacific Northwest National Laboratory produced a Sb -Sn alloy that was electrochemically conditioned to form Sn-rich nanoparticles; scanning transmission electron microscopy indicated that these (< 40 nm) particles would have excellent performance in Mg battery anodes, although electrochemical data have not yet been reported. 
Electrolytes for Mg-ion cells
The electrolyte in many electrochemical cells may be a simple aqueous salt or acid solution, but it could take other forms such as a molten salt, an organic salt solution, a semi-solid gel or a thin membrane of polymer or ceramic. It needs to transport electrochemically-active ions (in this case Mg 2+ ) as quickly as possible, to ensure low internal resistance and to avoid loss of cell voltage when high currents are being supplied. Although magnesium metal is safe in direct contact with water, Mg anodes cannot be recharged efficiently with a water-based electrolyte, and non-aqueous solvents such as organic ethers, esters or ionic liquids have been used in most research on Mg cells. Early experiments used simple salts such as magnesium perchlorate Mg(ClO 4 ) 2 in a propylene carbonate solvent, analogous to those used in lithium batteries. They provided good current densities, but generally poor cell life and rechargeability, and for some time it looked as if magnesium secondary cells might never live up to their promise; the anodes often reacted with the salt or the solvent to produce insulating films on their surfaces 6 .
Pioneering research by Gregory et al. 7 using organoaluminate or organoborate electrolytes like Mg(BBu 4 ) 2 in tetrahydrofuran (THF) gave better stability in contact with magnesium electrodes, but their overall cycling efficiency was inadequate for use in practical secondary batteries. Aurbach and his colleagues 8 achieved significant advances by developing Gregory's approach to produce compounds such as Mg(AlCl 4 -x R x ) 2 , which provided the first electrolytes in which magnesium showed good charge-discharge cycling properties.
Grignard reagents (organomagnesium halides) and related salts such as those in Figure 3 , dissolved in ether solvents like tetrahydrofuran (THF), were found to be electrolytes with good stability towards Mg electrodes 9 . Unlike conventional Grignard reagents, the above salt solutions carried no potential fire hazards and had comparatively high conductivities; Liao and his colleagues at Oak Ridge National Laboratory (ORNL), USA 9 , reacted one of these compounds with AlCl 3 to produce an even more conductive, air-stable electrolyte salt comprising a THF-trichloromagnesium anion [ Figure 4 The coulombic (charge storage) efficiency of the best electrolytes actually increased after the first few conditioning cycles to reach steady values of about 98% ( Figure 5) .
NuLi et al. 10 demonstrated in 2005 that magnesium could be reversibly electro-deposited onto inert metal electrodes from a solution of magnesium triflate [Mg(CF 3 SO 3 ) 2 ] in the ionic liquid BMIMBF 4 . Other workers, notably Morita et al. 11 have subsequently published a significant amount of work on ionic liquid solvents for Mg 2+ ion electrolytes which also show good properties for use in magnesium cells. Polymer or gel electrolytes based, for example, on Mg triflate or perchlorate have also shown promise 12, 13 . They are typically less conductive than liquid systems, but this disadvantage is offset by using them in the form of thin membranes, which can serve as electrode separators and make for a compact cell design that is virtually 100% solid-state. 
Cathode compounds
A good cathode material for a magnesium cell is likely to operate on a similar principle to those in many lithium-ion cells, i.e. it should be a "cation sponge" that can reversibly accommodate Mg 2+ ions by insertion or intercalation into its structure. Such materials are normally solid solutions, in which the proportion (x) of Mg can be smoothly varied over a wide range without wasting energy by generating completely new product phases.
An energetic redox reaction (high cell voltage) tends to favour a high energy density, and hence compounds of metals in a high oxidation state have been tested. Such a compound was cobalt (IV) oxide, in which the core metal can be reversibly reduced from oxidation state 4+ to 3+. For a commercial lithium battery, the cell reaction may be written as:
In the case of magnesium, a similar reversible cell reaction can theoretically occur:
Here, the maximum value of x is 0.5, but the total amount of charge stored is the same.
However, CoO 2 is not as suitable for magnesium batteries as it is for Li-ion devices; pure CoO 2 has too much oxidising power for most Mg 2+ electrolytes, and would rapidly destroy the organic solvents or salts that they contain. Many other possible oxide cathodes have been considered (some of which are shown in Table 1 ); a material with lower oxidising power (and hence cell voltage) tends to give a smaller energy density, but in some cases it may still provide acceptable performance and good cycling properties. As mentioned above, another important factor is the cell resistance; to minimise the voltage drop at the cathode when supplying (or accepting) a large current, we need to be able to insert (or remove) the Mg 2+ ions as easily as possible. Therefore the crystal structure of the cathode should not be close-packed; it will typically contain pores, channels or inter-layer spaces, in which the cations can move quite freely. Most of the oxides and sulfides in Table 1 have this property.
The oxides tend to provide the highest cell voltages, but their more-ionic bonding can lead to a drawback compared to the sulfides: movement of the doublycharged Mg 2+ cations within the oxide matrices may be much more hindered than Li + by electrostatic traps. At least for ambient-temperature cells, diffusion of Mg cations in comparatively covalent sulfides like TiS 2 is typically much faster than in oxides such as MoO 3 , which makes it easier for them to sustain high currents.
Although several of the crystalline oxides in Table 1 (e.g. MoO 3 and V 2 O 5 ) have very impressive capacities 7 , they are unusable as practical Mg battery cathodes because the mobility of Mg 2+ ions within their structure is very low; the presence of water molecules in inter-layer sites can greatly enhance the mobilities, but as we have seen, water tends to deteriorate the lifetime of the anode. It seems preferable to give the oxides a more open and amorphous morphology, like that of the V 2 O 5 xerogels studied by Inamoto et al. 14 , which showed much-improved current densities and storage capacities compared with those of the crystalline oxide.
The spinel-structured lambda-form of another metal oxide, MnO 2 , has recently been shown to provide remarkably good initial cathode performance for magnesium, albeit in an aqueous electrolyte 19 . Table 1 also mentions the electronic nature of the selected cathode compounds. Clearly, a good cathode should also have appreciable electronic conductivity, to avoid extra limitations on the current flow to the cathode terminal. In practice, most of the listed compounds acquire sufficient conductivity from the transfer of electrons during the cell reaction to transmit the discharge current, but overcharging could be a problem for a compound such as MoO 3 , which would become an insulator if all the Mg were removed.
Some "Chevrel phases" such as Mg x Mo 6 S 8 have shown themselves to be very effective as magnesium cathode materials. They are typically molybdenum compounds containing octahedral Mo 6 clusters within chalcogenide (S 8 , Se 8 , etc.) cubes; the arrangement of the cubes in the crystal structure ( Figure 6 ) provides channels in which the magnesium guest cations can move relatively easily between cavities of types 1 and 2 16 , whereas cations in type 3 cavities are essentially immobile.
The performance of Mo 6 S 8 in secondary Mg cells is excellent, with a highly reversible uptake of 1 Mg 2+ per formula unit at room temperature (2 Mg 2+ at 60 °C), retained for over 3000 cycles 15, 16 . The cell voltage is not particularly high, but at least it remains fairly constant over most of the discharge period; this is due to the coexistence of closely-compatible intercalated phases throughout both of the stages of the cell reaction (Figure 7) .
The layer-structured sulfide MoS 2 is cheap and plentiful, but as Table 1 shows, its capacity for magnesium ions is quite modest; moreover the mobility of Mg 2+ in the crystalline material is very low. Research to produce a more electroactive form of MoS 2 has provided a route to microparticle assemblies of MoS 2 nanosheets (Figure 8 ) with a five-times greater energy density 17 and much larger current density than the crystalline form of the sulfide. A very recent approach to increase the mobility of Mg ions in MoS 2 has used a polyether to expand the interlayer space, resulting in an enhancement by two orders of magnitude 18 .
Transition metal silicate host matrices based on metals such as iron 20 and cobalt 21 have also been the subject of considerable interest as cathode materials, and the energy capacity of MgCoSiO 4 is particularly promising.
Some metal-free cathode compounds have also been investigated, including fluorinated graphite 22 , buckminsterfullerene 23 , redox-active organic molecules 24, 25 and conducting polymers 26 . Of these, the graphite fluoride shows the largest capacity, but it lacks reversibility; the other materials show good rechargeable cell performance and are still under active investigation.
Concluding comments and possible future developments
In the battery industry, old products are often slow to be displaced by new ones; the zinc-carbon Leclanché cell is still in widespread use after 100 years, as is the lead-acid battery in automobiles. Nevertheless, despite the excellent performance of lithium cells, recurring concerns have been expressed about problems with premature loss of capacity (e.g. for electric automobiles such as the Nissan Leaf electric car in hot climates 28 ) and more importantly about their safety (e.g. fire on the Boeing 787 Dreamliner 29 ). Lithium cells are also quite expensive and unsustainable, so their days are likely to be numbered.
Other proposed high-energy systems are currently under investigation, like the Zn-air cell and new designs for sodium-based batteries, and they certainly show some promise for the post-lithium era. In the past, there were some perceived issues that inhibited the development of magnesium-based batteries, such as lower capacity, operating voltage and current density than lithium systems, but in spite of a few remaining technical challenges it seems very likely that rechargeable magnesium-ion devices will soon be in wide commercial use.
